Substrate dependent bonding distances of PTCDA 
— A comparative XSW study on Cu(lll) and Ag(lll) 
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We study the adsorption geometry of 3,4,9, 10-perylene-tetracarboxylic-dianhydride (PTCDA) on 
Ag(lll) and Cu(lll) using X-ray standing waves. The element- specific analysis shows that the 
carbon core of the molecule adsorbs in a planar configuration, whereas the oxygen atoms experience 
a non-trivial and substrate dependent distortion. On copper (silver) the carbon rings resides 2.66 A 
(2.86 A) above the substrate. In contrast to the conformation on Ag(lll), where the carboxylic 
oxygen atoms are bent towards the surface, we find that on Cu(lll) all oxygen atoms are above the 
carbon plane at 2.73 A and 2.89 A, respectively. 

PACS numbers: 68.49.Uv, 68.43.Fg, 79.60.Fr 
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I. INTRODUCTION 

In recent years the adsorption of 7r-conjugated 
molecules on various surfaces has received significant 
attention.— Still, one of the fundamental parameters in 
the adsorption process, the bonding distance of the first 
layer to the substrate, is largely unknown for most or- 
ganic adsorbate systems. Measuring this quantity with 
the required precision poses a serious experimental chal- 
lenge which requires specialized methods. As the adsor- 
bate distance of the molecules is closely related to the 
character of the bond, it is also highly desirable to com- 
bine structural and spectroscopic techniques in the ex- 
periment. A suitable approach could reveal correlations 
between the bonding distances and the electronic prop- 
erties of the adsorbate complex on different surfaces, in 
particular when the nature of the bonding is controver- 
sial. 

In this context the perylene derivative PTCDA 
(3,4,9,10-perylene-tetracarboxylic-dianhydride, Fig. [1^) 
has long been regarded as a model system.— i^i^i^i^ In par- 
ticular, the adsorption of PTCDA on Ag(lll) has been 
studied in detail using different techniques Af- 
ter the average bonding distance of ~ 2.85 A on silver 
had been established by surface X-ray diffractior>ii, X- 
ray standing wave measurements^^ provided a refined re- 
sult. The finding by Hauschild et al}^ that the adsorbed 
molecule exhibits a significant and complex distortion 
has intensified the interest of experimentalist and the- 
oreticians alike. More recently it was pointed out that 
the equilibrium distance of PTCDA on Ag(lll) derived 
from density functional calculations deviates notably, i.e. 
0.55 A, from the experimental bonding distance. Re- 
garding the molecular distortion of PTCDA on Ag(lll) 
theoretical results themselves are still controversialJ^iiS, 

To broaden the experimental base and provide further 
much needed benchmarks for calculations, we studied 
PTCDA monolayers on Cu(lll) and Ag(lll) using the 
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FIG. 1: (Color online) (a) Molecular structure of PTCDA 
(3,4,9, 10-perylene-tetracarboxylic-dianhydride) with chemi- 
cally inequivalent carbon and oxygen atoms, (b) Experimen- 
tal setup at the X-ray standing wave beamline ID32 (ESRF) . 



X-ray standing wave (XSW) technique. The model-free 
and precise bonding distances, du, reported below show 
interesting patterns, most prominently a non-trivial sub- 
strate dependence. 



II. EXPERIMENTAL DETAILS 
A. Beamline setup and sample preparation 

X-ray standing wave experiments, which depend on the 
relatively weak photoemission signals from organic adsor- 
bates, require a brilliant and tunable X-ray beam. There- 
fore, we performed our experiments at the undulator 
beamline ID32 of the European Synchrotron Radiation 
Facility (ESRF). Using the first order back- reflections at 
2.63 keV for Ag(lll) and 2.98 keV for Cu(lll) we gener- 
ated the X-ray standing wave field by Bragg reflection. 
The experimental end-station at ID32, an ultra-high vac- 
uum chamber with a hemispherical electron analyzer (en- 
ergy resolution /S.E/E ^ 10"''), was adapted for the 
preparation of organic thin films, see Fig. [TJs. 
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The single crystals, which were mounted on a variable- 
temperature high-precision manipulator, were cleaned by 
repeated cycles of argon ion bombardment. After an- 
nealing at 600 -TOOK we obtained suitable surfaces as 
has been verified by X-ray photoelectron spectroscopy 
(XPS) and low energy electron diffraction (LEED). We 
evaporated purified PTCDA at typical rates of less than 
IML/min with the substrate at 340 K, monitoring the 
process with a quartz crystal microbalance close to the 
substrate. By heating the samples just below the des- 
orption temperature of the first layer we obtained well- 
ordered monolayers of PTCDA. 



III. RESULTS AND ANALYSIS 



A. Photoemission analysis 



The core-level spectra provide essential information 
about the molecular and electronic structure of the ad- 
sorbate system. Hence we briefly discuss the relevant 
features in the monolayer and multilayer signals, focus- 
ing on the aspects required for the interpretation of the 
XSW data. 
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B. Substrate characterization 



The X-ray reflectivity around the substrate Bragg con- 
dition was measured at a small angle relative to the 
incoming beam (Fig. [J). Because noble metal crystals 
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FIG. 2: (Color online) Normal incidence reflectivity mea- 
surements around the first order Bragg reflection for Cu(lll) 
and Ag(lll). The solid line represents the reflectivity R{E) 
calculated by dynamical diffraction theory with additional 
broadening due to the mosaicity of the sample and the finite 
monochromator resolution. The origin of the relative energy 
scale used throughout this article refers to the Bragg peak 
position as it would be observed without refraction inside the 
crystal. 



exhibit a certain mosaic spread that contributes to the 
broadening of the Darwin curve, we checked the reflec- 
tivity signal to identify suitable positions on the sub- 
strate. Given the intrinsic width of the Bragg reflections 
- 0.96 eV for Ag(lll) and 0.89 eV for Cu(lll) - the ex- 
perimental reflection curves shown in Fig. [2] illustrate the 
crystal quality of the chosen surface positions. A least- 
square fit to the Bragg peaks using dynamical diffraction 
theory yields the effective standing wave field, i.e. the re- 
flectivity R{E) and the phase i^iE) between the incoming 
and outgoing wave. Both quantities characterize the sub- 
strate and enter directly into the XSW analysis. 
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FIG. 3: (Color online) Photoemission spectra from a mono- 
layer of PTCDA on Cu(lll). (a) The background corrected 
0(ls) and C(ls) sum spectra provide a reference signal, which 
can be described by chemically shifted main components 
a and l3 plus shake-up states, (b) Comparison of spectra 
taken with different photon energies {hui — 2968.55 eV and 
hv2 ~ 2969.25 eV) with the shaded reference illustrate the 
different XSW characteristics in the 0(ls) region. 
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1. PTCDA monolayer 

As shown in previous experimental and theoretical 
studies both the carbon C(ls) and oxygen 0(ls) signal 
consist of several components, which can be related to 
the molecular structure of PTCDA.— To obtain a ref- 
erence spectrum with a low noise level, we added up 
all background corrected spectra in the XSW series (cf. 
Fig. [3^). Because of the limited energy resolution in the 
XSW setup a slightly simplified model adequately ex- 
plains our experimental line-shapes. 

The principal component C/3 at a binding energy of 
Eb = —285.1 eV in the carbon core- level spectrum is re- 
lated to excitations from the perylene core of PTCDA. 
The weaker signal Cq found at higher binding energies 
originates from the carboxylic carbon atoms. Additional 
photoemission intensity towards even higher energies can 
be related to shake-up processes and inelastic back- 
ground. Similarly, the oxygen core-level spectrum allows 
to distinguish the chemically inequivalent oxygen atoms 
in the molecule. The spectrum in Fig. [3^ shows two main 
peaks at Eb = -534.3 eV and Eb = -532.1 eV, which 
are associated with the anhydride (Oq.) and carboxylic 
oxygen (O/3). To model the spectrum and preserve the 
stoichiometric 2:l-ratio of both oxygen components, two 
corresponding shake-up peaks were included in the anal- 
ysis. 

As illustrated in Fig. [3)d the C(ls) signal shows a con- 
stant shape throughout the XSW scan, whereas the rela- 
tive intensity of the oxygen components deviates signifi- 
cantly from the reference spectrum. This observation al- 
lows two conclusions regarding the adsorption geometry 
on Cu(lll): First, the carbon core of PTCDA - repre- 
sented by the C^ and components - is planar within 
the experimental resolution. Second, the carboxylic and 
anhydride oxygen atoms are located at different bond- 
ing distances dn- The full XSW analysis verifying these 
statements follows further below. 



2. PTCDA multilayer 

The bonding distance of the first molecular layer is re- 
garded as an important factor influencing the growth of 
multilayer films F^^iii Depending on the strength of the 
adsorbate interaction thicker films can exhibit impor- 
tant changes in the photoemission spectra. Indeed, a 
comparison of the monolayer signal with spectra taken 
on PTCDA multilayers shows significant core-level shifts 
both for the C(ls) and 0(ls) lines on Ag(lll), see Fig.lD 

Obviously, the electronic structure within the first 
layer is strongly affected by the bonding to the metal 
surfacej^ The strong substrate-adsorbate interaction of 
PTCDA on silver— lis - presumably accompanied by a 
charge transfer from the substrate - should not least be 
evidenced by the bonding distance. 
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FIG. 4: (Color online) Comparison of photoemission spec- 
tra on Ag(lll) measured on a monolayer and a thick film of 
PTCDA. The significant core-level shifts are caused by the 
strong interaction of PTCDA with the substrate. For a more 
detailed discussion of the multilayer spectra see Ref. [3. 

B. XSW analysis 

1. XSW fundamentals 

The normalized photoelectron yield Yp{^) from the ad- 
sorbate atoms, given byi^iiSii^ 

Yj,{n) = 1 + + 2^/Rf,ff cos{v - 2nP,ff), (1) 

depends sensitively on the (effective) coherent position 
Peff and coherent fraction f^ff- These parameters con- 
tain all structural information to be obtained from the 
coherently ordered monolayer. Following the procedure 
described in Ref. [21] we model the observed photoelec- 
tron yield with the previously determined reflectivity R 
and phase v. A least-square fitting routine then finds 
the effective parameters Peg and feff associated with the 
scattering atoms. 

The first-order corrections to the dipole approxi- 
mation^^ included in Eq. ([T]) are applied, in particular 
by measuring Sn on multilayers of PTCDA. ^'^ Finally, 
we substitute the effective parameters inserting^! 

feff^\Si\fH and Peff^PH-i'/2Tr (2) 

in Eq. Using the well-established \Si\- and i/)-values 
in Tab. [J we deduce the coherent fraction, fn, and co- 
herent position, Ph- For molecules in a lying-down con- 
figuration the phase < Ph < 1 enters the ratio of the 
adsorbate distance dn and the substrate lattice plane 
spacing do according to du/d^ = 1-1- Ph- From this 
equation we obtain model independent results^^ for the 
bonding distances dn of individual atomic species. 

2. Bonding distances I 

The typical datasets presented in Fig. [5] demonstrate 
that the adsorption geometry of PTCDA yields stand- 
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FIG. 5: (Color online) X-ray reflectivity and normalized pho- 
toemission yield data measured in back-reflection geometry 
on a monolayer of PTCDA on Ag(lll) and Cu(lll). The 
solid lines through the experimental XSW data y^^P show fit 
results F^' based on Eq. ([1} with the corresponding coherent 
fraction f^ff and coherent position Peg. The oxygen dataset 
in the right panel is plotted with an offset of 1 for clarity. 



ing wave characteristics with a similar overall shape. 
To determine the precise bonding distances and possible 
distortions of the molecule therefore requires measure- 
ments with a low noise level. Generally, we improve the 
statistics of our XSW data by adding several scans, each 
one obtained by integration of the background corrected 



and normalized photoelectron spectra. Importantly, the 
XSW yields derived within this approach do not depend 
on particular assumptions about line shapes and rela- 
tive intensities of the components. Because of the planar 
carbon core this averaging procedure conserves the full 
information of the C(ls) spectra and provides the XSW 
yield associated with the carbon atoms of PTCDA. Re- 
garding the oxygen signal on the other hand we do not 
differentiate between the carboxylic and anhydride oxy- 
gen and first derive an averaged oxygen position. 

The XSW characteristics of PTCDA on Ag(lll) and 
Cu(lll) shown in Fig.[5]were analyzed using Eq. ([T]). The 
C(ls) data come with large coherent fractions indicating 
a fairly high order in the monolayer: Least-square fits on 
silver (copper) yield feff = 0.75 {feff = 0.68) and Peff = 
0.22 {Peff — 0.29) for the carbon core. The corresponding 
oxygen result on Cu(lll), being feff =0.51 and Peff — 
0.36, shows a slightly reduced coherent fraction. For the 
oxygen result of PTCDA/Ag(lll) we refer to Rcf. 13. 





c 

C(ls) 


Ll(lll) 

0(ls) 


A 

C(ls) 


g(lll) 

0(ls) 


Sr 

\Si\ 


1.85(10) 
1.43 
-0.055 


1.72(10) 
1.36 
-0.075 


1.89(5) 
1.45 
-0.066 


1.89(5) 
1.45 

-0.093 



TABLE I: Non-dipolar parameters used in the XSW analysis: 
The Sfl-values, which were measured on multilayer films, are 
in excellent agreement with previous results on PTCDA.— 
The factor \Si\ and the phase tp were determined as described 
in Ref. HJ. 
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0.68(6) 


0.51(6) 


0.75(12) 






0.29(1) 


0.36(2) 


0.22(2) 




fH 


0.48(4) 


0.37(4) 


0.52(8) 


0.57 


Ph 


0.28(1) 


0.35(2) 


0.21(2) 


0.18 


dn 


2.66(2) A 


2.81(3) A 


2.86(5) A 


2.78 A 



"Taken from Ref. [ij 

TABLE IL XSW results for a monolayer of PTCDA on 
Cu(lll) and Ag(lll): The effective parameters are obtained 
from the data in Fig. [5] From the coherent position Ph we de- 
rive the atomic position dn relative to the Bragg planes of the 
substrate. The statistical uncertainties noted in parentheses 
follow from the confidence analysis in Fig. |6l 

Applying the non-dipolar corrections of Eq. ([2|) we 
calculate the corresponding atomic positions du as de- 
scribed above - neglecting a possible small relaxation 
of the outer substrate layers. For the carbon core we 
find du = 2.86 ± 0.05 A on Ag(lll) and dn = 2.66 ± 
0.02 A on Cu(lll). Remarkably, the oxygen atoms of 
PTCDA on copper reside at an averaged position of 
dn = 2.81 ± 0.03 A, i.e. 0.15 A above the central pery- 
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FIG. 6: (Color online) x^-contour map showing the statistical 
uncertainties in f^ff and Peg for the least-square fits presented 
in Fig.O The different contour lines give the 68%-, 95%-, and 
99.7%-confidence levels around the global x^-minimum. 



3. Bonding distances II 



The different distances of both oxygen species in 
PTCDA/Cu(lll) are illustrated by the intensity map in 
Fig. [3 where relative XPS intensities can be compared. 
While the carboxylic oxygen Op shows a fairly symmetric 
XSW characteristic, the anhydride oxygen Oa exhibits a 
rapidly decreasing photoemission yield on the high en- 
ergy tail of the Bragg peak. This difference reveals that 
the Oq component has a higher coherent position and is 
further away from the substrate than the Op atoms. 
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lene core of the molecule. All structural parameters for 
PTCDA on Cu(lll) and Ag(lll) obtained so far are col- 
lected in Tab. M 

To derive meaningful error bars for dn and see whether 
the molecular distortion is statistically significant, we 
performed a detailed confidence analysis. For the XSW 
datasets Y-'^'^^ shown in Fig. [5] we sampled the parame- 
ter space and calculated the x^-values in the vicinity of 
the obtained minima. Fig. [S] shows the corresponding 
confidence levels in the (/ejf , -Peif) -plane with constant 

xL,p.,-E{(Yr-yr)/-^y- (3) 



The errors ai of the XSW yield, that are entering as 
weighting factors in the x^-calculation, were derived from 
the counting statistics of the photoelectron spectra.'^ We 
observe well-defined minima for all datasets with an un- 
certainty depending on the noise in the XSW scans, see 
Fig. [SI Generally, the errors of the coherent fraction are 
larger than the corresponding errors of the coherent po- 
sition, i.e. Afeff/feff > APeff/Peff- Hcncc the atomic 
positions can be determined quite precisely and for our 
data we infer Adn = 0.02 A (0.03 A) for carbon (oxy- 
gen) on copper and Adn = 0.05 A for carbon on sil- 
ver. Moreover, the results for PTCDA/Cu(lll) in Fig. [6] 
demonstrate that our finding with the average oxygen 
position being above the carbon is valid beyond a 99.7%- 
confidence level. 



FIG. 7: (Color online) Intensity map of the 0(ls) core-level 
spectra measured on PTCDA/Cu(lll). The anhydride and 
carboxylic oxygen atoms - with the Oa-component at Eb ~ 
-534.3 eV) and 0,3 at Eb = -532.1 eV - exhibit different 
XSW characteristics. 



Beyond this qualitative consideration a refined analy- 
sis of the photoemission spectra can provide the exact 
positions of both oxygen species. Yet, separating the Oa 
and 0/3 component is not trivial as strong shake-up states 
in the core-level spectra complicate the procedure.— Ac- 
cordingly, we started with the 0(ls) sum spectrum to 
build a model which reproduces the data (cf. Fig. [3la,). 
Good agreement with the experiment was obtained us- 
ing two chemically shifted main lines - each one with 
a corresponding shake-up peak 1.95 eV below - and an 
additional shake-off peak towards higher binding ener- 
gies. The individual spectra in the XSW series were an- 
alyzed using this model, with the peak amplitudes be- 
ing the only free parameters. Keeping the relative in- 
tensities of the shake-up peak and the main line con- 
stant we obtain the XSW yield of the oxygen compo- 
nents in PTCDA/Cu(lll). From these separate datasets 
we derive the coherent positions of P^ff — 0.32 for the 
carboxylic and Peg = 0.40 for the anhydride oxygen, 
see Fig. |S] for details. The corresponding bonding dis- 
tances confirm the distortion of PTCDA on Cu(lll) with 
dn — 2.89 A for anhydride oxygen and dH = 2.73 A for 
carboxylic oxygen. This splitting of 0.16 A around the av- 
eraged oxygen distance dn = 2.81 A depends marginally 
on the fitting model with an estimated error of 0.06 A. 
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FIG. 8: (Color online) X-ray standing wave scans on a mono- 
layer of PTCDA on Cu(lll). Comparison of XSW signals 
from different oxygen species Oq and O/j. An effective coher- 
ent fraction of 0.25 for Op in comparison to 0.79 for and 
0.68 for C might indicate the presence of more than one Op 
site with respect to the substrate crystal lattice. The sepa- 
ration of the overlapping photoemission intensities, however, 
also introduces a sizeable uncertainty of feg that should be 
taken into consideration. 



b. PTCDA/Cu(lll) - We found a carbon distance 
of dn — 2.66 A on Cu(lll), i.e. a value that is smaller 
than on silver, but very similar to the result of FigCuPc 
on copper. In contrast to Ag(lll) the average oxygen po- 
sition on copper is above the carbon core at dn — 2.81 A. 
While the oxygen splitting is qualitatively similar - with 
the Oq further from substrate than the Op component - 
here both species are 0.07 A and 0.23 A, respectively, 
above the carbon plane. Thus, we find a splitting of 
0.16A on copper which is only half the value observed 
on Ag(lll). 

c. PTCDA/Au(lll) - X-ray standing wave studies 
of PTCDA on Au(lll) reported recentljsS^ gave a carbon 
distance of du = 3.34 A. Again, this bonding distance 
agrees with X-ray reflectivity data taken on multilay- 
ers of PTCDA/Au(lll)^ which implied positions around 
3.35 A. Thus PTCDA molecules adsorb at comparatively 
large distances on gold, suggesting a weaker interaction 
with the substrate. Similar findings made with high- 
resolution electron energy-loss spectroscopy (HREELS)^ 
and scanning tunneling microscopy (STM)3I measure- 
ments on Au(lll) support this conclusion. 
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IV. DISCUSSION 

The bonding distances found on Ag(lll) and Cu(lll) 
are much smaller than the molecular stacking distance 
(i(i02) = 3.21 A measured in PTCDA single crystals. This 
observation conveys the relatively strong bonding of the 
molecule to these substrates. A more detailed inspection, 
however, reveals some remarkable differences between the 
adsorption of PTCDA on copper and silver as well as be- 
tween the adsorption of PTCDA and other 7r-conjugated 
molecules like FigCuPc— 

a. PTCDA/Ag(lll) - In agreement with previous 
XSW results^^ we measured a carbon distance of dn — 
2.86A on Ag(lll). Interestingly, this value coincides 
with the bonding distance derived from the electron den- 
sity profile of PTCDA multilayer films on Ag(lll)^-'^, 
indicating that the distance of the first layer is not 
markedly affected by the presence (growth) of further 
layers. As reported in Ref. [l^ the average oxygen posi- 
tion is below the carbon core at djj = 2.78 A. A signifi- 
cant splitting of 0.29 A - with the anhydride oxygen 0^ 
above (djy = 2.97 A) and the carboxylic oxygen be- 
low {d}j — 2.68 A) the carbon plane - is observedi^, see 
Fig.El 



FIG. 9: (Color online) Different adsorption geometries of 
PTCDA on Ag(lll) and Cu(lll) measured by XSW. On cop- 
per both oxygen species Oa and Op - distinguishable due to 
a chemical shift in the photoemission spectra - are located 
above the carbon plane. On silver, however, the carboxylic 
oxygen atoms Op are bent towards the surfacei^ 

d. PTCDA vs. FieC'uPc - Most prominently, we 
find that the substrate dependence of dn is much smaller 
for PTCDA than for FigCuPc. While for PTCDA the 
carbon distances on Ag(lll) and Cu(lll) differ by only 
0.20 A, the corresponding difference for FigCuPc is as 
large as 0.64 A. Moreover, in FigCuPc monolayers the 
fluorine atoms experience an upward bending both on 
Cu(lll) and Ag(lll), whereas PTCDA molecules exhibit 
a molecular distortion that depends on the substrate. 

The different molecular distortions of PTCDA on 
Ag(lll) and Cu(lll) shown in Fig. [5] cannot easily be 
explained without extensive theoretical work. The ob- 
served differences and similarities on these substrates, 
however, indicate that the bonding of the molecule to 
the metal occurs mainly through its carbon core. While 
the oxygen atoms reside at similar distances relative to 
the copper and silver substrate, the carbon core is no- 
ticeably closer to the Cu(lll) surface - as might be ex- 
pected for the bonding to the smaller copper atoms. Ob- 
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viously, the different distortion of the molecule should af- 
fect the charge distribution within the adsorbate. Indeed, 
photoemission spectra measured on the valence bands of 
PTCDA/Ag(lll) and PTCDA/Cu(lll)28 point towards 
remarkable differences in the electronic structure. 



retical work in this area. Calculations on the adsorbate 
structure of large molecules would greatly promote our 
understanding of these systems and could also provide 
new insight in the electronic properties of the organic- 
inorganic interface. 



V. SUMMARY AND CONCLUSIONS 

By XSW measurements of PTCDA on Cu(lll) and 
Ag(lll) we show that the bonding distance and the ad- 
sorption geometry, i.e. the bending of the oxygen atoms, 
depends in a non-trivial way on the substrate. 

We hope that our results will stimulate further theo- 
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